Capacitive microphones (condenser microphones) work on a principle of variable capacitance and voltage by the movement of its electrically charged diaphragm and back plate in response to sound pressure. There has been considerable research carried out to increase the sensing performance of microphones while reducing their size to cater for various modern applications such as mobile communication and hearing aid devices. This paper reviews the development and current performance of several condenser MEMS microphone designs, and introduces a microphone with spring supported diaphragm to further improve condenser microphone performance. The numerical analysis using Coventor FEM software shows that this new microphone design has a higher mechanical sensitivity compared to the existing edge clamped flat diaphragm condenser MEMS microphone. The spring supported diaphragm is shown to have a flat frequency response up to 7 kHz and more stable under the variations of the diaphragm residual stress. The microphone is designed to be easily fabricated using the existing silicon fabrication technology and the stability against the residual stress increases its reproducibility.
INTRODUCTION
Microphones convert acoustic energy into electrical energy. This property had led microphones to be used widely in several applications such as mobile communication, hearing aid devices, and vibration control 1 . The silicon microphones were designed based on the principles of the piezoelectric, piezoresistive, and capacitive. These types of microphones had been successfully fabricated using silicon micromachining techniques 2 . However, the capacitive microphones have been studied by many researchers due to its superior performances such as high sensitivity, low power consumption, low noise level, and high stability 2, 3 .
Since the first silicon microphone was fabricated by Royer et al. 4 in 1983, considerable research has been carried out to further improve its sensitivity, stability, and reproducibility 1, [5] [6] [7] [8] [9] [10] [11] [12] [13] . A corrugated diaphragm microphone has been shown to give a higher sensitivity than a flat diaphragm microphone with clamped edges of the same size 1, 8, 10, 14, 15 . Other works include the use of low-stress polysilicon diaphragm, circular spring supported diaphragm, and flexure hinge diaphragm 9, 11, 12 . The integration of CMOS circuitry and MEMS device on SOI wafer as demonstrated by Chen et al. had opened up the opportunity of a high quality condenser MEMS microphone to be produced commercially with high reproducibility 16 .
This paper presents a new condenser MEMS microphone structure of spring supported diaphragm type. It has a diaphragm structure with spring support on all four corners compared to only two spring support on the diaphragm presented by Kim et al. 11 . This new diaphragm structure also utilizes a very thin slits (~ 1 µm) to increase the low frequency response by decreasing the volume of air flow into the microphone gap on sound pressure. Numerical analysis was done using Coventor FEM software to compare the performance of the new spring supported diaphragm with an edge clamped flat diaphragm in terms of its maximum center deflection, frequency response, and residual stress effect on the diaphragm.
CONDENSER MEMS MICROPHONE REVIEW
The first MEMS condenser microphone was presented by Royer et al. and fabricated using zinc oxide and silicon micromachining technique along with MOS buffer amplifier 4 . Silicon technology can be used to produce an accurate and highly reproducible miniature microphone by means of batch fabrication to reduce cost 17 . Furthermore, the integration of preamplifier with silicon microphone is expected to reduce the microphone parasitic capacitance and noise level 2 .
Condenser MEMS microphone consists of two charged plates which produces variable voltage across its plates in proportion to the sound pressure exerted on one of its plates (diaphragm). The gap between the two plates is usually very small (in the order of several micrometer) to increase the capacitance of a microphone, and thus its sensitivity. However, this very small air gap causes a squeeze-film damping effect which results in a microphone thermal noise 18 . This squeeze-film damping effect is also called viscous damping effect since the damping is actually a viscous loss of air flowing between the two plates 19 . The effect of viscous damping can be reduced with a perforated back plate to allow some air flowing through the back plate 5 .
Microphone Sensitivity
The sensitivity of condenser MEMS microphone is characterized by its electrical and mechanical sensitivities. Since the microphone produces voltage by the movement variation of its charged plates, its electrical sensitivity is mainly dependent on its bias voltage. A larger bias voltage causes a higher electrical sensitivity. However, there is a trade off between a larger bias voltage (higher sensitivity) and the reduction in a pull-in voltage. Pull-in voltage will cause the microphone diaphragm to collapse and touch the back plate. Thus, an optimum bias voltage value has to be selected in order to prevent the collapse of the diaphragm during microphone operation 1, 2 .
When bias voltage, V b is applied on both plates of the microphone, the diaphragm will be deflected towards the back plate by the electrostatic force. At this point, the microphone will have an initial capacitance, C V 20 . The microphone will have a new capacitance, C g when its diaphragm is exposed to the uniform sound pressure. The capacitance value varies as the diaphragm vibrates with sound. The open circuit voltage, e OC of a deflected diaphragm is given by 20 :
Practically, a condenser MEMS microphone will have a stray capacitance, C S . Thus, the open circuit voltage, e OCS of a deflected diaphragm is given by 20 :
The total microphone capacitance is given by:
Mechanical sensitivity of a microphone depends on its diaphragm deflection to the sound pressure. An early MEMS microphone design utilizes a silicon-type with fully clamped flat diaphragm, so its deflection to the sound pressure is very small (in the order of several nanometers). Since mechanical sensitivity is proportional to the deflection of the diaphragm, a larger diaphragm deflection is highly desirable for a high sensitivity microphone. However, its maximum deflection is limited by the diaphragm stiffness 7 . In some recent works, this limitation is reduced by using a low-stress polysilicon diaphragm, a corrugated diaphragm, as well as a free moving diaphragm 6, [8] [9] [10] [11] [12] .
A high sensitivity microphone can be achieved by having a high bias voltage, large membrane radius (increases microphone capacitance and diaphragm deflection), small gap (increases microphone capacitance), and low diaphragm tension (increases diaphragm deflection). Unfortunately, a low diaphragm stiffness or tension will reduce its resonance frequency (thus frequency bandwidth) and its pull-in voltage 20 . The challenge here is to design a high sensitivity microphone with small membrane radius and high bandwidth to suit most consumer applications within the audio frequency range of 20 Hz to 20 kHz.
Microphone Development History
The early condenser MEMS microphone has been studied and demonstrated thoroughly by Scheeper et al. 6 . Scheeper had achieved an open circuit sensitivity of 4mV at 16V bias voltage on a 1.5mm by 1.5mm square silicon nitride diaphragm microphone with a bandwidth of up to 12 kHz (see Table 1 ). In the year 2000, Torkkeli et al. had successfully designed and analyzed a new MEMS microphone using a low stress polysilicon flat diaphragm. The microphone had an open circuit sensitivity of 4 mV at a lower bias voltage of 2V with a bandwidth of up to 12 kHz 9 . A low stress polysilicon diaphragm was introduced to increase the microphone mechanical sensitivity, and thus, its open circuit sensitivity.
The development of condenser MEMS microphone continues with the introduction of a free moving diaphragm as demonstrated by Weigold et al. and Kim et al. in 2006 to significantly reduce the residual stress of a diaphragm thus increasing its mechanical sensitivity 11, 12 . The diaphragm bridge width can be designed to achieve a higher bandwidth.
SPRING SUPPORTED DIAPHRAGM MEMS MICROPHONE DESIGN
A new MEMS microphone was designed to have higher mechanical sensitivity. Similar work has been demonstrated by Kim et al. and Weigold et al. 11, 12 . The microphone has a free moving diaphragm which is supported by a spring mechanism around its corner. Figure 1(a) shows the microphone's diaphragm layout mask drawn using Coventor FEM software. The cross sectional view of the microphone is shown in Figure 1(b) and 1(c) . This microphone is designed to be easily fabricated using an existing silicon fabrication technology. The new diaphragm can be fabricated using just one material deposition and one mask etching to produce the spring mechanism. Polysilicon material was proposed to be used as the diaphragm material due to its low stiffness property and to prevent the extra deposition of conductor material on the diaphragm. A rigid back plate with perforated holes is used to reduce the viscous damping effect by allowing air to flow through the holes 5 .
The microphone designed in this paper is a 1mm square in size with a 0.765 mm by 0.765 mm square diaphragm which is suspended by a spring mechanism of 35 µm in width (w 1 ) on its four corners. The diaphragm is 1.5 µm thick and has an air gap of 4 µm to the back plate. The frequency response and the mechanical sensitivity of the microphone can be adjusted by changing the spring constant of the diaphragm spring. The spring constant can be changed easily by varying the value of spring width, w 1 , spring hinge width, w 2 , and spring thickness, h. In this case, the spring thickness is equal to the diaphragm thickness. There is however a trade-off on increasing the frequency bandwidth since it will decrease the mechanical sensitivity of the microphone. 
DIAPHRAGM NUMERICAL ANALYSIS
In this paper, the spring supported diaphragm condenser MEMS microphone will be compared with the edge clamped flat condenser MEMS microphone in terms of their frequency response and residual stress effect. Both microphones have about equal diaphragm size. However, the diaphragm for the spring supported microphone is slightly smaller since it has springs around its edges. Figure 2 shows a cross sectional view of the edge clamped flat condenser microphone. Coventer FEM software was used to analyze the mechanical response of both microphones. In order to make a fair comparison between two different types of microphones, their material properties and device dimension have been set to be mostly equal. Table 2 summarizes the material properties and dimensions of both types of microphones. Figure 3 shows the maximum center deflection of a flat and spring supported diaphragm for a sound pressure between 0 dB SPL and 140 dB SPL (dB SPL -decibel in reference to the sound pressure level, 0 dB SPL = 2x10 -5 Pa). It clearly shows that the spring supported diaphragm deflection is linearly related to the sound pressure decibel and almost in parallel with the flat diaphragm response, but with about 100 times more sensitivity. This also indicates that the spring supported diaphragm can be a good candidate to replace or enhance the existing flat diaphragm condenser MEMS microphone. The spring supported diaphragm deflection under a sound pressure view is shown in Figure 4 . This view is generated by Coventor FEM software and has been exaggerated in size to show the deflected diaphragm and springs more clearly. An audio microphone is usually designed to have a flat frequency response of up to 20 kHz. Figure 5 shows a frequency response of a flat and spring supported diaphragm in terms of their maximum center deflection versus frequency under a sound pressure of 60 dB SPL. The flat diaphragm response has a higher resonance frequency (about 109 kHz) due to the greater diaphragm stiffness compared to about 9.75 kHz resonance frequency of a spring supported diaphragm. In this case, the bandwidth of a spring supported diaphragm microphone can be increased by adjusting the spring constant as described in Section 3. A careful design of the spring mechanism should be able to produce a more sensitive condenser MEMS microphone in the audio range.
Residual stress of a microphone diaphragm is one of the main concerns when fabricating the edge clamped flat diaphragm MEMS microphone on a silicon wafer. Since the flat diaphragm must have the lowest possible residual stress to have the highest mechanical sensitivity, the fabrication process must be carried out carefully to ensure correct diaphragm dimensions and compositions 6, 9, 22 . On the other hand, the spring supported diaphragm is able to eliminate the process by having a free moving diaphragm. Figure 6 shows the effect of residual stress on the edge clamped flat and spring supported diaphragm. It can be seen that the flat diaphragm maximum center deflection reduces gradually by 97% when the residual stress is increased from no stress condition (0 MPa) to 100 MPa and reduces by 49% when the stress is increased from 100 to 200 MPa. In contrast, the spring supported diaphragm maximum center deflection reduces by only 32% and 17% respectively. This is an important indicator to show that the spring supported diaphragm is more stable to be produced using a silicon wafer technology than the edge clamped flat diaphragm. 
CONCLUSIONS
In this paper, a new spring supported diaphragm design has been introduced. Numerical analysis has been done using Coventor FEM software to investigate its mechanical performance against a traditional edge clamped flat diaphragm MEMS microphone. The diaphragm is shown to have a linear diaphragm deflection with sound pressure decibel which is similar to the edge clamped flat diaphragm, but with 100 times more sensitivity. Even though the spring supported diaphragm designed in this paper has less than 20 kHz bandwidth, it can easily be increased by adjusting its spring width, hinge width, and thickness. Analysis on the diaphragm residual stress shows that the spring supported diaphragm is
